The class III receptor tyrosine kinase (RTKIII) Fms-like tyrosine kinase receptor 3 (Flt3) and its cytokine ligand (FL) play central roles in hematopoiesis and the immune system, by establishing signaling cascades crucial for the development and homeostasis of hematopoietic progenitors and antigen-presenting dendritic cells. However, Flt3 is also one of the most frequently mutated receptors in hematologic malignancies and is currently a major prognostic factor and clinical target for acute myeloid leukemia.
Introduction
Hematopoiesis is a finely regulated process during which diverse cell types originating from a limited and self-renewing population of hematopoietic stem cells (HSCs) are stimulated to proliferate and differentiate to create the cellular repertoire that sustains the mammalian hematopoietic and immune systems. 1 The Fms-like tyrosine kinase receptor 3 (Flt3) is the most recent addition to the diverse family of hematopoietic receptors. Flt3 is activated on HSCs and early myeloid and lymphoid progenitors by its cognate ligand (FL), to initiate downstream signaling via the phosphatidylinositol 3-kinase/AKT and the Ras/Raf/extracellular signal-regulated kinase pathways. 2, 3 Consistent with the narrow expression profile of Flt3 in the bone marrow environment, signaling via the Flt3 ligand-receptor complex primarily impacts early hematopoiesis, particularly the proliferation and development of HSC and B-cell progenitors. 2, 4 In recent years, Flt3 and FL emerged as potent regulators of dendritic cell (DC) development and homeostasis, [5] [6] [7] and DC-mediated natural killer cell activation, 8 thereby gaining an important role at the interface of innate and acquired immunity and in cancer immunotherapy. 9, 10 Notably, Flt3/FL-driven DC generation yields both classic and plasmacytoid DCs from bone marrow progenitors regardless of myeloid or lymphoid commitment, a property that is currently unmatched by any other receptor-cytokine system relevant for DC physiology. 11, 12 Flt3 is a class III receptor tyrosine kinase (RTKIII) together with the prototypic platelet-derived growth factor receptors-␣/␤, colony-stimulating factor 1 receptor (CSF-1R), and KIT. 13 Thus, Flt3 has been predicted to display a modular structure featuring an extracellular segment with 5 immunoglobulin (Ig)-like domains (residues 27-543), a single transmembrane (TM) helix (residues 544-563), a cytoplasmic juxtamembrane domain ([JM]; residues 572-603), and a split intracellular kinase module (residues 604-958). The RTKIII family is closely related to the RTKV family of vascular endothelial growth factor receptors (VEGFRs), which have 7 extracellular Ig-like domains. The hallmark of RTKIII/V signaling lies in the activation of the extracellular receptor segments on binding of the cognate cytokines, followed by intermolecular autophosphorylation and activation of the intracellular kinase domains. 14 Besides the clear role of Flt3 signaling in hematopoiesis and immune system development, overexpression of wild-type or oncogenic forms of Flt3 have been implicated in several hematopoietic malignancies, 2, 15 and inflammatory disorders. 16 In particular, internal tandem duplication in the JM region or point mutations in the kinase activation loop occur in 35% of patients with acute myeloid leukemia (AML), resulting in constitutive activation of the receptor and uncontrolled proliferation of hematopoietic precursors. 2, 3, [17] [18] [19] Such mutation fingerprints have established Flt3 as the Submitted January 7, 2011; accepted February 28, 2011. Prepublished online as Blood First Edition paper, March 9, 2011; DOI 10.1182/blood-2011-01-329532.
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The publication costs of this article were defrayed in part by page charge payment. Therefore, and solely to indicate this fact, this article is hereby marked ''advertisement'' in accordance with 18 USC section 1734. predominant prognostic factor in AML cases 20 and have rationalized the targeting of Flt3 in a clinical setting. 2, 3, 21 Although the cellular and physiologic role of the Flt3 ligandreceptor interaction has been featured prominently in the biomedical literature over the past 2 decades, the Flt3 signaling complex has remained uncharacterized at the molecular and structural levels. Such insights are the missing link to the structural and functional diversity of RTKIII/V extracellular complexes and would help provide a nearly complete picture of the entire Flt3 signaling complex given the available structure of the Flt3 intracellular kinase domains. 22 A recent flurry of studies of RTKIII/V extracellular complexes led to a structural paradigm for RTKIII/V activation, whereby the receptors bind via their amino-terminal (N-terminal) Ig-like domains to the activating dimeric cytokine and concomitantly make homotypic contacts between their membraneproximal domains. [23] [24] [25] [26] [27] [28] [29] [30] A universal feature of all characterized RTKIII/V complexes thus far is that the cytokine-binding epitope is distributed equally between extracellular domains 2 and 3, covering ϳ 2000 Å 2 of surface area, and that homotypic receptorreceptor interactions are mediated by well conserved residues in the membrane-proximal domains (D4 in RTKIII and D7 in RTKV). Nonetheless, Flt3 seems to be an outlier among RTKIII/V receptors because of several unique features in its extracellular segment, 31, 32 thus raising the question whether the current structural paradigm could be extrapolated to Flt3. Notably, Flt3 exhibits intragenic homology relating extracellular domains 1 and 4, and domains 2 and 5, indicative of an ancient internal duplication event during evolution. Furthermore, Flt3 contains 12 additional cysteines that are not present in any of the homologous receptors, and it has a unique N-terminal sequence of 50 amino acids preceding Ig-like domain 1. Interestingly, a fully functional splice variant of murine Flt3 lacks extracellular domain 5 entirely, indicating that the domain most proximal to the cell membrane is not critical for receptor activation, 33 contrary to other RTKIII/V receptors. 28, 34 Here, we provide the structural basis of extracellular complex formation between Flt3 and its cognate cytokine. Our study establishes the uniqueness of Flt3 within the RTKIII/V family and provides a reference platform for further structure-function studies and antagonist design.
Methods

Summary
To support structural and biophysical studies of human Flt3 ectodomain complexes, we designed a series of constructs for recombinant human Flt3 ectodomains (Flt3 D1 [residues 27-161], Flt3 D1-D2 [residues 27-244], Flt3 D1-D3 [residues 27-346], Flt3 D1-D4 [residues , and Flt3 D1-D5 [residues 27-541]), based on intron-exon boundaries and sequence alignments with homologous receptors. Faced with prohibitively poor protein yields (100-200 g/L medium), we established tetracycline-inducible cell lines in HEK293S cells deficient in N-acetylglucosaminyltransferase I (HEK293S GnTI Ϫ/Ϫ ) 35 that could secrete the target ectodomain variants with homogeneous glycosylation (Man 5 GlcNAc 2 ) to milligram amounts. 36 The yields and stability of Flt3 D1-D3 and Flt3 D1-D2 were much lower than for all other constructs. Ternary Flt3:FL complexes were prepared for structural studies by mixing purified Flt3 ectodomains 36 with a molar excess of recombinant human FL 37 followed by preparative size-exclusion chromatography (SEC). The occupancy of N-linked glycosylation sites and the disulfide bond network of Flt3 D1-D5 were determined by mass spectrometry. Purified Flt3 D1-D4 :FL and Flt3 D1-D5 :FL complexes were crystallized, 36 and the crystal structures were determined and refined to 4.3-and 7.8-Å resolution, respectively. Additional structural studies on Flt3 D1-D5 :FL were performed via negative-stain electron microscopy (EM) and small-angle X-ray scattering (SAXS). Binding studies of extracellular complex formation were carried out via isothermal titration calorimetry (ITC). A detailed account of all methods relevant to this study is provided in supplemental Data (available on the Blood Web site; see the Supplemental Materials link at the top of the online article).
Crystallographic data deposition
Coordinates and structure factors for the Flt3 D1-D4 :FL and Flt3 D1-D5 :FL complexes have been deposited in the Protein Data Bank ([PDB]; www.rcsb.org) and are accessible through accession numbers 3QS7 and 3QS9, respectively.
Results
Isolation of recombinant Flt3 ectodomain complexes and thermodynamic binding profile of complex formation
High-affinity complexes of purified glycosylated Flt3 D1-D5 , Flt3 D1-D4, and Flt3 D1-D3 with recombinant human FL produced in Escherichia coli, 37 consistent with bivalent binding of FL to each of the ectodomain constructs, were initially established by analytical SEC. Subsequent batches for structural studies were obtained via preparative SEC in the presence of excess molar amounts of purified FL ( Figure 1A -C). The elution profiles for all 3 ectodomain complexes were indicative of ligand-induced receptor dimerization. In contrast to Flt3 D1-D5 and Flt3 D1-D4 , preparations of recombinant Flt3 D1-D3 consistently contained a significant portion of receptor that was incapable of binding the ligand even in the presence of excess molar amounts of FL ( Figure 1C ). Conversely, excess molar amounts of Flt3 D1-D3 did result in a complete titration of FL toward complex formation. Alternatively, we were not able to observe complex formation for Flt3 D1 and Flt3 D1-D2 via SEC, providing direct evidence that these ectodomain constructs do not carry a high-affinity ligand-binding site.
Characterization of Flt3 extracellular complexes by ITC led to several consensus observations ( Figure 1D -F). First, all 3 characterized complexes exhibit high-affinity binding characterized by a strongly exothermic enthalpic term coupled to an entropic penalty. Second, FL exhibits bivalent binding to both Flt3 D1-D5 and Flt3 D1-D4 (Stoichiometry [n] ϭ 0.5, 2 molecules of Flt3 to 1 molecule of FL). We note that the observed stoichiometry for the FL:Flt3 D1-D3 interaction (n ϭ 0.12) is consistent with our chromatographic data ( Figure 1C ). Furthermore, the ITC data clearly show that Flt3 D1-D3 is capable of a high-affinity ternary complex just like the larger ectodomain constructs and that only ϳ 25% of recombinant Flt3 D1-D3 may adopt an active conformation. Notably, the sequential exclusion of the membrane-proximal domains Flt3 D4 and Flt3 D5 leads to a very modest decrease in affinity (K d 
: FL] ϭ 74.6nM), whereas the thermodynamic profiles remain similar ( Figure 1D -F). Together, our data suggest that the membraneproximal module Flt3 D4-D5 does not contribute significantly to the overall stability of the complex.
Overall structure of the Flt3 D1-D4 :FL complex
The crystal structure of the Flt3 D1-D4 :FL complex was determined to 4.3-Å resolution based on data obtained from a large-scale screening of crystals. Confronted with the recurring poor diffraction quality of Flt3 D1-D4 :FL crystals derivatized with heavy atoms and selenomethionine-labeled Flt3 D1-D4 , we successfully combined molecular replacement strategies relying on the high-resolution structure of human FL 38 and a homology model for Flt3 D3 30 (Table  1) , with phase improvement protocols 39 exploiting the noncrystallographic symmetry and high solvent content of the crystals. Such approaches combined with crystallographic refinement using information from high-resolution structures have recently emerged as a powerful option in macromolecular structure determination at low resolution. [40] [41] [42] The ensuing electron density maps were exceptionally revealing and contained contiguous electron density for several unmodeled receptor domains, including direct crystallographic evidence for N-linked glycans (supplemental Figure 1A) . To facilitate chain tracing we determined the atypical disulfide bond network of Flt3 as well as the actual number of N-linked glycosylation sites in extracellular Flt3 by mass spectrometry. We could confirm that all 9 N-linked glycosylation sites are at least partially occupied and that all cysteine residues present in Flt3 D1-D4 are engaged in disulfide bonds (Figure 2A; supplemental Table 1 ).
The structure of the Flt3 D1-D4 :FL complex is unlike any of the structurally characterized RTKIII/V complexes to date and is characterized by several surprising features ( Figure 2B ; supplemental Figures 1 and 2A) . The Flt3 D1-D4 :FL assembly can be described as a moderately open horseshoe ring structure measuring 100 ϫ 75 ϫ 110 Å, consisting of FL, Flt3 D2 , Flt3 D3 , and Flt3 D4 . FL binds to 2 receptor molecules bivalently and is accommodated by a binding epitope at the membrane-distal tip of Flt3 D3 , whereas Flt3 D2 leans against the concave side of Flt3 D3 and is stowed underneath FL in the ring opening ( Figure 2B ; supplemental Figure  1B) . Intriguingly, the apparent 2-fold symmetry of the complex about the FL dimer interface only holds for the FL:Flt3 D2-D3 subcomplex, because both Flt3 D1 and Flt3 D4 adopt asymmetric orientations compared with their tandem modules in the complex ( Figure 2B ). Remarkably, Flt3 D4 does not engage in any obvious homotypic interactions as seen in the KIT structure. 30 The N-terminal Flt3 D1 exhibits significant disorder and domain plasticity manifested by at least 2 different orientations around the D1-D2 linker region (residues 162-166) and protrudes perpendicularly away from the plane of the ring assembly at the level of Flt3 D2 without making any interactions with the rest of the complex ( Figure 2B ). Our electron density maps allowed us to reliably model only the core of the Flt3 D1 structure (residues 79-161), but residual positive difference electron density extending away from the amino terminus of our model suggested that the atypical 50-amino acid module preceding Flt3 D1 is probably associated with the core domain structure.
Flt3 uses a remarkably compact cytokine-binding epitope
Perhaps the most unanticipated feature of the Flt3 D1-D4 :FL complex is that the ligand-binding epitope is almost exclusively contributed by Flt3 D3 (Figure 3A) , for which electron density was exceptionally clear, including information for some side chains. This module is a member of the "I-set" Ig domains and is structurally homologous to extracellular domain 3 of KIT 25, 30 and CSF-1R, 23 featuring 8 ␤-strands making up the ABED and AЈFGC ␤-sheets. However, the topology of Flt3 D3 is unusual such that the polypeptide chain For personal use only. on December 19, 2018. by guest www.bloodjournal.org From extending from Flt3 D2 forms the N-terminal A strand in Flt3 D3 (residues 246-249) by complementing strand B in a parallel manner, whereas the AAЈ loop of Flt3 D3 (residues 250-258) adopts an extended conformation ( Figure 3B ; supplemental Figure 1B ). Flt3 D2 , which in all other RTKIII/V complexes contributes roughly half of the ligand-binding epitope, packs against the hydrophobic patch projected by the ABED-face of Flt3 D3 centered around Trp269 burying ϳ 1000 Å 2 ( Figure 3B ). Flt3 D2 is homologous to KIT D5 and is a member of the C2 subset of the Ig family (ABED/CFG topology), but it contains an additional solventexposed disulfide (Cys232-Cys241) bridging strands F and G. Although the AB and EF loops of Flt3 D2 point in the direction of the ligand, they remain too far to engage in any interactions. The only point on Flt3 D2 approaching FL within a distance that could mediate any form of interaction is centered on Asp180 on the AB loop of Flt3 D2 . However, it is not clear whether this interaction actually occurs because we were not able to model the side chain of Asp180 ( Figure 3A) .
The FL binding epitope on Flt3 D3 engages in extensive interactions with the N-terminal loop (residues 8-13) of FL leading to ␣A and Lys18 on ␣A and is mainly contributed by the BC loop of Flt3 D3 (residues 279-280) and strand D (residues 301-303). Additional interactions are mediated by the DE loop of Flt3 D3 (residue 307) that contacts a small patch on the carboxyl-terminal region of helix ␣C of FL defined by residues 73 and 78. Therefore, the Flt3 ligand-receptor interaction results in a single contact site covering merely ϳ 900 Å 2 of buried surface area. Structure-based alignments using diverse FL sequences revealed a remarkably strict conservation of the PISSxF cassette as well as Phe81 and Leu115, which help to lock the N-terminal loop in its observed conformation ( Figure 3C ; supplemental Figure 3 ).
Plasticity of FL on binding to Flt3
Comparison of FL in its unbound 38 and now in its receptor-bound form reveals that the cytokine ligand does not undergo any significant local structural changes at its receptor binding epitope ( Figure 3D ). This is contrary to what has been observed in stem cell factor (SCF) in complex with KIT, whereby the cytokine ligand undergoes a cascade of structural rearrangements. 25, 30 However, the 2 FL subunits display a hinge-like rigid-body rearrangement about the dimer interface, which increases the tilt angle between the 2 protomers by 5-6°( Figure 3D ). A similar motion was observed previously in the SCF:KIT D1-D5 complex, although SCF, unlike FL, already seems to have significant variability in the receptor-free form, as shown by the range of its intersubunit tilt angles (2-6°). 30
The Flt3 D3 -Flt3 D4 domain elbow and the absence of homotypic receptor interactions
A second striking feature of the Flt3 D1-D4 :FL complex is the absence of any obvious specific homotypic receptor interactions. Based on the current paradigm of RTKIII activation, such interactions would be mediated by extracellular domain D4. Although Flt3 D4 does point to its tandem Flt3 D4Ј in the complex, the 2 receptor domains stay clearly away from each other and deviate from the 2-fold symmetry of the complex. The inability of Flt3 D4 to engage in homotypic interactions may also explain the observed disorder for this part of the structure, because we could only reliably model and refine a complete Flt3 D4 -Flt3 D4Ј tandem in only one of the 2 complexes in the asymmetric unit of the crystal, whereas for the second we could only place one of the 2 domains.
Closer inspection of the Flt3 D4 topology and sequence reveals that Flt3 D4 does not possess the conserved structure-sequence fingerprints seen in all other RTKIII/V homologs for this domain. For example, Flt3 D4 has 2 additional disulfide bridges, a solventexposed cross-strand disulfide bridge (Cys368-Cys407) connecting strands B and E, and a second (Cys381-Cys392) connecting its unusual CЈE loop with strand C. Most importantly, Flt3 D4 displays an EF loop that drastically differs both in structure and sequence from all homologs ( Figure 4A-C) . The EF loop constitutes the otherwise conserved "tyrosine corner" motif in I-set Ig domains, 43 and has been shown to mediate homotypic interactions in the case of KIT D4 30 and VEGFR D7 28 ( Figure 4B) .
Structural comparisons of the 2 independent Flt3 D1-D4 :FL complexes in the crystal asymmetric unit revealed slight orientational plasticity of Flt3 D4 around the Flt3 D3 -Flt3 D4 linker region. This stretch of residues and strand A of Flt3 D4 are well conserved in Flt3 and KIT and other RTKIIIs, suggesting a common functional role ( Figure 4D) . A comparison of KIT in the cytokine-bound and -unbound forms showed that the KIT D3 -KIT D4 linker region acts as a hinge to reorient KIT D4 for homotypic interactions on ligand binding. Despite the absence of such homotypic contacts in Flt3, the domain elbow defined by Flt3 D3 and Flt3 D4 is similar to KIT, suggesting preservation of this interdomain relationship in both forms of the receptor. Thus, the orientation of Flt3 D4 seems to be restricted by a core of well-defined hydrophobic interactions mediated by Phe261 (AЈ strand of Flt3 D3 ), Val345 (Flt3 D3 -Flt3 D4 linker), Phe349 (A strand of Flt3 D4 ), and Tyr376 (BC loop of Flt3 D4 ), as well as additional interactions between the AAЈ loop of Flt3 D3 and the CЈE loop of Flt3 D4 (Figure 4A ).
Architecture of the complete extracellular assembly of the Flt3 signaling complex
Crystals of Flt3 D1-D5 :FL grew reproducibly from several crystallization conditions but proved to be of low diffraction quality despite repeated attempts to improve crystal quality by various methods including glycan shaving. Nonetheless, a robust dataset to 7.8-Å resolution proved sufficient to elucidate the architecture of the complete extracellular Flt3 complex by molecular replacement based on the Flt3 D2-D3 : FL subcomplex as refined in the Flt3 D1-D4:FL crystal structure (Table 1) . We could subsequently place into electron density and optimize by rigid-body refinement protocols Flt3 D1 and Flt3 D4 , extracted from the crystal structure of the Flt3 D1-D4 :FL complex, as well as a conservative homology model of Flt3 D5 derived from the structure of human KIT D5 . 30 Although the low resolution of the Flt3 D1-D5 :FL structure does not allow discussion of structural details, it does provide a reliable and valuable depiction of the organization features of the complete extracellular Flt3 complex.
In the full-length ectodomain complex, the core structure observed in Flt3 D1-D4 :FL is mounted onto 2 membrane-proximal Flt3 D5 s facing each other to form an assembly resembling a hollow tennis racket (140 ϫ 75 ϫ 110 Å; Figure 5 ; supplemental Figure  2B ). Remarkably, the asymmetry exhibited by the tandem Flt3 D4 modules in Flt3 D1-D4 :FL is not present in the complete extracellular complex. Instead, the 2 Flt3 D4 segments face each other nearly symmetrically according to the 2-fold symmetry of the Flt3 D2-D3 :FL core structure and approach to ϳ 20 Å from each other. Although this interreceptor separation is maintained at the ensuing Flt3 D5 modules, the apparent 2-fold symmetry breaks down. Furthermore, the asymmetric projection of the N-terminal Flt3 D1 domains perpendicularly out of the plane of the racket head occurs in a manner analogous to what we observed in the Flt3 D1-D4 :FL complex. Complementary studies of the full-length ectodomain complex by negative-stain EM and SAXS in solution corroborated the overall structural features revealed by the crystal structure (supplemental Figure 4A-B ).
Discussion
Cytokine-mediated activation of hematopoietic cell surface receptors is central to developing and sustaining hematopoiesis and the immune system. The RTKIII receptor Flt3 and its cognate cytokine ligand FL are arguably the most exciting new addition to the repertoire of hematopoietic factors, because of their activity on hematopoietic progenitors and their pronounced impact on the development and homeostasis of antigen-presenting DCs. Because the importance of Flt3 signaling in early and late hematopoiesis continues to mount, we sought to elucidate the structural basis of the extracellular Flt3 receptor-ligand complex. The structural study we report here, complemented by a thermodynamic dissection of complex formation, shows that the Flt3:FL interaction is character-ized by high-affinity bivalent binding of FL to Flt3 that does not invoke homotypic receptor interactions. The assembly showcases several unexpected features that now establish Flt3 as a structural outlier within the RTKIII/V family ( Figure 6 ). The Flt3:FL interaction epitope is surprisingly a fraction of typical helical cytokine-receptor interaction and is dominated by contacts between a preformed N-terminal segment of FL and Flt3 D3 . Consistent with the polar receptor-cytokine interface, the thermodynamic blueprint of the interaction calls for an enthalpically driven binding event. The interaction carries a concomitant significant entropic cost that we now can rationalize in terms of the absence of a hydrophobic effect and the intrinsic entropy loss associated with bringing interaction partners together.
The Flt3-FL interaction interface covers a compact ϳ 900 Å 2 , which is at least 2 times less extensive than the buried surface area at the receptor-cytokine epitopes of all other RTKIII/V complexes, whereby the activating cytokine is harbored by a broad grapple defined by extracellular domains 2 and 3 [23] [24] [25] 27, 30 (Figure 6 ). Comparison with diverse helical cytokine-receptor interactions 44, 45 shows that Flt3 is the only receptor for a helical cytokine that uses a single interaction site to bind its cognate ligand. Heterodimeric protein-protein interactions bury, on average, ϳ 1300 Å 2 of surface area, which is strongly correlated with high-affinity binding. 46 Flt3 and FL are clearly able to establish a tight interaction via a much more compact binding interface. A plausible explanation could be drawn from the rigidity of the receptor epitope on FL as a preformed binding platform, reminiscent of a classic "lock-andkey" binding mode observed in affinity-matured antibody-antigen interactions. 47 Furthermore, a series of single amino-acid substitutions (His8Arg, Ser9Gly, Pro10Ser, Ser13Pro/Phe, and Phe15Leu) within the segment contributing almost the entire receptor binding epitope on FL, abolish receptor activation. 48 This illustrates not only the possible individual contribution of each residue in this segment to binding but also the likely conformational stringency of the region. Indeed, a comparison of diverse FL sequences showed that not only the receptor-binding epitope is exquisitely conserved but also residues that help to lock the N-terminal loop both in its observed receptor-bound and receptor-free forms ( Figure 3C ; supplemental Figure 3 ).
Comparison of the Flt3:FL interaction and representative receptor-cytokine epitopes for all other RTKIII/Vs shows that engagement of Ig-like domain 3 (BC loop; DE loop and flanking residues) is the only common epitope feature of ligand binding ( Figure 6 ). It thus seems that binding of D3 of RTKIII/V to the activating cytokine satisfies a geometric requirement that allows receptor molecules to approach to a critical distance of ϳ 60 Å from one another. This notion reinforces a fascinating aspect of RTKIII/V activation in that the cognate protein ligands are all dimeric with similar dimensions despite their grouping into 2 fundamentally different folds (4-helix bundles vs all-␤ cystine-knot scaffolds). 23, 24, 27, 30, 38 Recently, interleukin-34 was identified as a second ligand to CSF-1R, 49 thus adding a perplexing dimension to RTKIII signaling because interleukin-34 bears no sequence similarity to the currently known cytokine ligands for RTKIII/V or other proteins.
The uniqueness of the Flt3 extracellular complex is further highlighted by the absence of homotypic receptor interactions. Such interactions have recently emerged as an important aspect of RTKIII/V activation and are mediated by conserved structuresequence fingerprints in the membrane-proximal domains. 23, 26, [28] [29] [30] In both of our Flt3:FL complexes, the membrane-proximal modules remain separated by ϳ 20 Å at the D4-D5 junction, consistent with our comparative ITC data showing no significant contribution by the D4-D5 module. Flt3 is the only RTKIII/V family member that lacks the conserved set of residues involved in homotypic interactions in the homologous receptors, which now offers a strong rationale for the absence of such interactions in the extracellular Flt3 complex. Additional support comes from the existence of a fully active murine Flt3 isoform that lacks Flt3 D5 , demonstrating the dispensability of the membrane-proximal domain for receptor activation, 33 contrary to the apparent importance of KIT D5 in signaling. 34 However, it is possible that homotypic interactions could be enhanced within the 2-dimensional spatial confinement of the cell membrane, and as a result of additional interactions between TM, cytosolic segments, or both of Flt3. In fact, the difference in the affinity for the complete ectodomain complex versus previously reported values for native Flt3 based on cell assays 48, 50 may reflect a combination of such factors. To this end, recent studies have highlighted the importance of homotypic interactions between TM and JM regions in RTKIII/V activation and pathology profiles. 51, 52 Interestingly, oncogenic variants of Flt3 carrying internal tandem duplication in the JM segment are constitutively active as homodimers or as heterodimers with wild-type receptor, indicating that enhanced intracellular receptor interactions can drive activation. 18 Recently, several mutations in the extracellular segment of Flt3 were identified in AML patients, 17,53 that we now can map onto the Flt3 ectodomain (supplemental Figure 5 ). However, the clinical relevance of these mutations awaits further study.
In the absence of structural information for unbound Flt3, we are left to wonder about any possible domain rearrangements in Flt3 on FL binding. Structural studies of KIT in the bound and unbound forms showed that KIT undergoes a large conformational switch at the KIT D3-D4 junction, leading to homotypic receptor interactions. 30 However, the extensive and unique hydrophobic interface observed between Flt3 D2 and Flt3 D3 (1000 Å 2 ), the hydrophobic interface between Flt3 D3 and Flt3 D4, and additional contacts between loops thereof, provide evidence that the Flt3 D2-D4 ectodomain segment would be too rigid to undergo significant domain rearrangements. This is further supported by our structural studies of the complete extracellular complex, which showed that the relative orientation of Flt3 D3 and Flt3 D4 only differs slightly from that observed in the Flt3 D1-D4 :FL complex. Nonetheless, Flt3 does exhibit significant domain plasticity at the 2 extremities of the extracellular assembly. This is most pronounced for Flt3 D1 , which emanates from the core of the assembly without making contacts with other complex components. We note that the stacking of Flt3 D2 against Flt3 D3 provides a fixed angle for projecting Flt3 D1 from a point approximately halfway down the height of the The structures shown represent the architecture of receptor-cytokine complexes for the different members of the RTKIII/V family: From left to right: human Flt3:FL (this study), human KIT:SCF (PDB 2E9W), mouse CSF-1R:CSF-1 (PDB 3EJJ), human plateletderived growth factor receptor:platelet-derived growth factor (PDGFR:PDGF; PDB 3MJG), and human VEGFR2: VEGF (PDB 2X1X). The dimeric ligands are colored in magenta. Receptor ectodomains are colored as follows: D1 in pale yellow, D2 in blue, D3 in green, D4 in orange, and D5 in gray.
